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Abstract
The temperate Streptococcus thermophilus bacteriophage TP-J34 was identified in the lysogenic host strain J34. The majority of phage
particles produced upon induction was defective and noninfectious, consisting of DNA-filled heads lacking tails. A physical map (45.6 kb)
was established. Analysis of minor restriction bands of the DNA isolated from phage particles as well as the analysis of the protein pattern
indicated that phage TP-J34 is a pac-type phage. This was confirmed by immunoelectron microscopy using antisera raised against virulent
cos- and pac-type S. thermophilus phages. The lysogenic host J34 but not its noninducible derivate J34-12 contained phage DNA in the
nonintegrated state and exhibited autolysis at elevated temperatures. Prophage-carrying strains grew homogeneously while 16 of 20
prophage-cured derivatives aggregated and sedimented rapidly. When phage TP-J34 was propagated lytically on a prophage-cured host
strain, a 2.7-kb site-specific deletion occurred in the phage genome. This deletion was also identified in the prophage DNAs of relysogenized
strains.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Bacteriophages attacking mesophilic lactic acid strepto-
cocci (i.e., lactococci) have been known for nearly 70 years
(Whitehead and Cox, 1935), while phages of the thermo-
philic species Streptococcus thermophilus have only been
studied in detail during the last two decades. Dairy lacto-
cocci are attacked by morphologically and genetically di-
verse phage species (Jarvis et al., 1991; Josephsen and
Neve, 1998) and lysogeny is common among these starter
cultures (Davidson et al., 1990). In contrast, all phages of S.
thermophilus reveal the same morphology and are members
of the B1 Siphoviridae. Our laboratory culture collection of
S. thermophilus strains had been characterized earlier with
respect to virulent bacteriophages (Krusch et al., 1987;
Neve et al., 1989). We had shown that representative viru-
lent phages originating from France, Switzerland, and Ger-
many shared significant DNA homology but differed with
respect to their pattern of the main structural proteins and to
DNA features: Phages containing only linear DNA revealed
three main structural proteins, while phages harboring mix-
tures of linear and circular molecules exhibited two main
structural proteins. Members of the first group belong to the
pac-type phages, while phages of the second group are
cos-type phages (Le Marrec et al., 1997). Lysogenic S.
thermophilus strains have been isolated only rarely (Fayard
et al., 1993; Bru¨ssow and Bruttin, 1995; Stanley et al., 1997;
Neve et al., 1998). Complete genomic sequences of S.
thermophilus phages from cultures originating from France
(phages Sfi21, Sfi11, Sfi19), Greece (phage O1201), Canada
(phage DT1), and from a Dutch culture collection (phage
7201) have been published (Lucchini et al., 1999; Bru¨ssow
and Desiere, 2001; Stanley et al., 1997; Tremblay and
Moineau, 1999; Proux et al., 2002). It has been proposed to
establish Sfi21 and Sfi11 as Siphoviridae reference phages.
The Sfi21-like phage group comprises the cos-type phages
Sfi21, Sfi19, DT1, and 7201, while the Sfi11-like phage
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group includes the pac-type phages Sfi11 and O1205 (Bru¨s-
sow, 2001; Bru¨ssow and Desiere, 2001). Due to the rapid
accumulation of phage genomic sequence data, phage tax-
onomy is being reevaluated (Rohwer and Edwards, 2002;
Lawrence et al., 2002; Proux et al., 2002).
The lysogenic host strain of phage TP-J34 (i.e., strain
J34) has been isolated from a yogurt sample in Germany. Its
lysogeny module has been cloned, sequenced, and aligned
with the corresponding genome region of phage Sfi21.
Phage TP-J34 contains a unique lipoprotein determinant
upstream of the phage integrase gene not present in other S.
thermophilus phages (Neve et al., 1998). In this article we
present the physical characterization of the phage genome
and the impact of the prophage on the phenotype of the
lysogenic host strain.
Results
Identification and morphology of phage TP-J34
The S. thermophilus strain J34 lysogenic for phage TP-J34
was identified by probing the chromosomal DNAs of repre-
sentative strains from our culture collection with genomic
DNA from virulent S. thermophilus phages described earlier,
i.e., pac-type phage P6 and cos-type phages P55 and a10/J9,
respectively (Neve et al., 1989). All three phage DNA probes
hybridized with the J34 chromosomal DNA (not shown). Cell
lysis was achieved after treatment with either a low concen-
tration of mitomycin C (0.125 g/ml) or with UV-light irra-
diation. Electron microscopic analysis of the lysates revealed
that the phage induced (designated phage TP-J34) belongs to
the group of small isometric-headed phages of the Siphoviridae
(Ackermann, 2001; Maniloff and Ackermann, 1998). In S.
thermophilus, these phages are characterized by long (ca. 240–
260 nm), flexible, noncontractile tails. However, approxi-
mately 95% of the phage particles released and directly ana-
lyzed in the crude lysate were defective, consisting of DNA-
filled heads without tails (Fig. 1A). The low number of intact
phage particles occasionally revealed a long central tail fiber
(length: ca. 140 nm) (Fig. 1B). To rule out the possibility that
two distinct, morphologically different phages are released
from the lysogenic host J34, a 17-ml CsCl gradient loaded with
phage lysate induced from strain J34 was dropped out after
centrifugation in 150-l fractions and analyzed by electron
microscopy. DNA extracted from fractions containing nonin-
fectious tailless phage capsids (originating from the visible
band in gradient) and from fractions containing intact viable
phage particles (unvisible in gradient) was digested with BglI
and BglII. DNAs from both fractions yielded identical restric-
tion fragment patterns (not shown).
Phage TP-J34 is a pac-type phage
By electron microscopic analysis it was shown that
phage TP-J34 contained linear DNA exclusively. Measure-
Fig. 1. Electron micrographs of TP-J34 phage particles at (A) low and (B) high magnification (bar: 100 nm).
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ment of the contour lengths of 22 individual DNA mole-
cules of the TP-J34 DNA resulted in an average genome
size of 44.6 1.6 kb (data not shown). A circular restriction
map of the TP-J34 genome was constructed for nine restric-
tion enzymes (Fig. 2), and an average genome size of 45.6
kb was calculated from the sizes of the various restriction
fragments. Submolar minor bands, occurring in several re-
striction enzyme digests (i.e., SnoI, ScaI, SacI, HindIII),
indicated that the DNA is circularly permuted and termi-
nally redundant. The minor bands did not result from cos-
sites, since heat treatment (10 min, 68°C) of the DNA was
without effect (data not shown). Thus, packaging of phage
TP-J34 DNA starts from a pac-site of a concatemeric pre-
cursor DNA molecule (Neve et al., 1998). The enzymes
creating minor bands in agarose gels cut the TP-J34 DNA
on the right-hand side in close vicinity of the pac-site. Fig.
3 illustrates that these minor bands are not present in the
prophage DNA of the host chromosome. The pac-site, from
where packaging of the phage DNA is initiated, is indicated
on top of the restriction map (Fig. 2). The position of the
pac-site was determined from minor bands occurring in
double digests with restriction enzymes cutting on both
sides of the putative pac-site (e.g., BglI, BglII, and EcoRI
cutting to the left and SacI, ScaI, and SnoI cutting to the
right of the pac-site). Double digests with combinations of
these “right-of-pac” and “left-of-pac” cutting enzymes re-
sulted in the occurrence of additional minor bands encom-
passing the pac-site. As expected, these secondary minor
bands are clearly detectable as normal bands in correspond-
ing double digests of the chromosomal host DNA probed
with the TP-J34 phage DNA (not shown).
Prophage-curing and relysogenization
As a formal proof for the temperate nature of phage
TP-J34, curing and relysogenization experiments were per-
formed. Putative cured derivatives of strain J34 were easily
isolated from mitomycin C treated cultures plated on agar
supplemented with mitomycin C (0.1 g/ml). The proph-
age-cured status of 20 derivatives was examined by (i)
mitomycin C induction, (ii) hybridization with phage TP-
J34-DNA, and (iii) plaque assays with a TP-J34 lysate. All
20 isolates were noninducible (Table 1). All strains except
strain J34-12 had lost the prophage, and a low number of
turbid TP-J34-derived plaques was seen on the lawn of 19
strains (1  103–1  104 PFU/ml), also indicating that the
majority of phage particles was defective. No plaques ap-
peared in the lawn of isolate J34-12 (Table 1). Spot assays
were conducted with the phage-sensitive strains J34-2 and
J34-4, respectively, and putative relysogenized cells were
isolated from the turbid center of the lysis zones. The
absence of prophage DNA in the chromosome of the proph-
age-cured strain J34-4 and the presence of prophage DNA
in the chromosomes of the lysogenic wild-type strain J34
and of the relysogenized derivatives J34-4RL1 and J34-
4RL2 is illustrated in Fig. 4. The hybridization patterns
obtained from the relysogenized strains differed from that
obtained from the original wild-type, since the HindIII-d
fragment (4.4 kb) was clearly missing in the Southern blots
of the relysogenized strains. By sequence analysis of the
TP-J34 genome, the deletion has been localized within the
putative phage antireceptor gene (H. Neve and K.J. Heller,
unpublished data). As expected, all relysogenized strains
revealed insensitivity to phage TP-J34 in plaque assays
(Table 1).
Fig. 2. Circular restriction map of phage TP-J34 genome. Restriction
enzymes used are shown within the circles. Restriction fragments are
marked in alphabetical order, starting with “a” for the largest fragment. The
position of the pac-site (top) is indicated. Minor bands formed between the
pac- and the first restriction site (clockwise) are shown in brackets. Minor
bands not detectable on agarose gels are marked with “x”. The site-specific
deletion event occurring during lytic growth of phage TP-J34 is indicated
at the bottom of the map. The arrow in clockwise orientation indicates the
start/end of the physical map immediately downstream of the integrase
gene in the lysogeny module (Neve et al., 1998). The positions of the
HindIII restriction sites are indicated.
Fig. 3. Analysis of phage TP-J34 pac-site derived minor bands by (A)
restriction enzyme digests and (B) Southern blot analysis. TP-J34 DNA
(lane 1) and chromosomal DNA of strain J34 (2) were cut with BstEII-
SnoI. TP-J34 DNA was used as DNA probe. M: HindIII digest of phage .
The minor band is indicated by an asterisk.
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Unintegrated TP-J34 DNA is present in the
host strain J34
By sequence and PCR analysis of the TP-J34 lysogeny
module, it had been shown earlier that the DNA is inte-
grated into the tRNAArg gene of the host chromosome as
known from phage Sfi21 (Bruttin et al., 1997; Neve et al.,
1998). On the physical TP-J34 genome map, attP is located
on the central part of the EcoRI-c-fragment. However, when
TP-J34 DNA was used as a probe, this attP-containing
fragment was still present in Southern blots of the J34
chromosomal DNA as a faint band. To confirm that free-
phage DNA was present in the lysogenic host cells, intact
chromosomal J34 DNA was separated by pulsed-field gel
electrophoresis and probed with TP-J34 DNA. In Fig. 5A it
is illustrated that the lysogenic host contained significant
amounts of nonintegrated phage DNA, comigrating pre-
dominantly with the linear TP-J34 DNA. The free intracel-
lular phage DNA was absent in the noninducible lysogenic
strain J34-12 (Fig. 5B) but was also detectable in relysog-
enized strains (not shown).
To test whether the presence of free intact phage DNA in
J34 cells is affected by experimental growth conditions,
total DNA was isolated from differently pretreated J34
cultures. The DNAs were obtained from (i) cells grown
overnight at a decreased temperature of 37°C, (ii) cells
grown at 40°C but harvested at different growth phases (i.e.,
at OD620 nm of 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 1.2, respec-
tively), or (iii) six single-colony isolates of J34 obtained
from three subsequent serial colony picking and culturing at
40°C. Southern blot analysis still confirmed the presence of
the phage-derived attP-containing restriction fragments (ei-
ther HindIII- or EcoRI-digests) in the chromosomal DNA
preparations of all cultures tested, including all six single-
colony isolates. However—as expected—these restriction
fragments were not detectable in Southern blots of the
chromosomal DNA isolated from the noninducible lyso-
genic derivative J34-12 (data not shown).
Phage TP-J34 is closely related to virulent
S. thermophilus phages
Since phage TP-J34 was originally identified through its
homology to virulent S. thermophilus phages, the homolo-
gous regions were localized on the TP-J34 physical map:
Table 1
Characteristics of S. thermophilus J34 and its derivatives
Strains Induction by
mitomycin
C
Presence of
prophage-DNA
Sensitivity to
TP-J34
Growth typea in
th-M17-broth
Autolysis at
45°C in th-
M17-broth
Wild-type strain
J34    H 
Isolates from prophage-curing
J34-2, J34-4b    S 
J34-1, J34-3, J34-11    H 
J34-12    H 
Isolates from relysogenization
J34-2RL1, J34-2RL2, J34-2RL3, J34-2RL4    H 
J34-4RL1, J34-4RL2, J34-4RL3, J34-4RL4    H 
a After overnight incubation: homogeneous (H), sedimenting (S).
b Fourteen additional isolates with same characteristics obtained (i.e., J34-5 to J34-10, J34-13 to J34-20).
Fig. 4. Formal proof of lysogeny, prophage-curing, and relysogenization:
(A) Agarose gel and (B) Southern blot of HindIII-digested chromosomal
DNAs probed with TP-J34 DNA are shown for S. thermophilus J34 (lane
2), for the prophage-cured derivative J34-4 (3), and for the two relysog-
enized isolates J34-4RL1 and J34-4RL2, respectively (4–5). Lane 1: Hin-
dIII-digested TP-J34 DNA; M: phage  and phage X174 DNA digested
with HindIII and HaeIII, respectively. The asterisk indicates the HindIII-d
fragment (4.4 kb) absent in the chromosomes of the relysogenized strains.
Fig. 5. Pulsed-field gel electrophoresis and corresponding Southern blots
illustrating the presence of free nonintegrated TP-J34 DNA in the chro-
mosomal DNA of lysogenic wild-type strain J34 (A, lane 2) and its absence
in the noninducible strain J34-12 (B, lane 4). Lane M: intact phage  DNA,
lanes 1 and 3: intact phage TP-J34 DNA. TP-J34 DNA was used for
probing. Intact phage DNA and chromosomal bands are indicated.
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With respect to the physical TP-J34 map as shown in Fig. 2
[with orientation of pac-site on top and lysogeny module
(Neve et al., 1998) on the left side], the DNAs of the
cos-type phages a10/J9 and P55 strongly hybridized to the
left side of the TP-J34 genome, while the pac-type phage P6
DNA showed high homology to the opposite half (not
shown). The TP-J34 EcoRI-c-fragment containing the TP-
J34 lysogeny module (Fig. 2) shared homology with all
three phage DNA probes.
The different hybridization patterns of the phages were
compared with the structural protein profiles of the phages.
Phage TP-J34 revealed two major structural protein bands
in SDS–PAGE (40 15 kDa; Fig. 6). This pattern is similar
to the profile of the virulent pac-type phage P6 (Neve et al.,
1989), except that a 24-kDa band (representing the major
tail protein) is missing.
Antiserum raised against the cos-type virulent phage P53
(Neve et al., 1989) did not react with the structural proteins
of phages TP-J34 and P6 in Western blots (not shown),
which was confirmed by immunoelectron microscopy (Fig.
7A). Antiserum raised against phage TP-J34 cross-reacted
with the pac-type phage P6 (Fig. 7B). Binding of antibodies
was restricted to the head of phage P6, which was most
likely due to the very low numbers of tail structures present
in the phage lysate used for immunization.
Phage TP-J34 alters the phenotype of its lysogenized host
When propagated in th-M17-broth, growth behavior of
the lysogenic strain J34 and the relysogenized derivatives
differed significantly from the majority of the prophage-
cured isolates. Strains harboring the prophage DNA in the
chromosome (i.e., the lysogenic host, the relysogenized
strains, and the noninducible lysogenic strain J34-12) grew
homogeneously in broth. In contrast, 16 prophage-free iso-
lates aggregated and sedimented rapidly (Table 1). During
our prophage-curing and relysogenization experiments,
these two growth types facilitated differentiation and
screening for lysogenic and nonlysogenic cultures. The dif-
ference in growth behavior was demonstrated by scanning
electron microscopy (Fig. 8), which indicated a dense
clumping of the prophage-cured J34-6 cells.
J34 cultures were routinely maintained at 40°C. How-
ever, raising the growth temperature to 45°C resulted in an
autolytic response of the culture growing in synthetic th-
M17-medium (Fig. 9, Table 1). Electron microscopic anal-
ysis of the supernatants of autolysed J34 cultures revealed a
low number of TP-J34 phage (head) particles. Prophage-
cured derivatives and the noninducible lysogenic derivative
J34-12 could be cultivated stably at elevated temperatures
and did not show the autolytic phenotype. Temperature
sensitivity was not reestablished after relysogenization of
the cured derivatives. Fastest growth was found for proph-
age-cured strains, revealing a sedimenting cell growth be-
havior. A delay in growth was observed for prophage-cured
strains growing homogeneously and the noninducible lyso-
genic derivative J34-12, respectively. Although strain J34
revealed a maximum in growth delay, all relysogenized
strains were growing as fast as the sedimenting prophage-
cured derivatives.
The temperature-dependent growth response of the wild-
type strain J34 was further tested during growth in skim
milk at 40 and 45°C, respectively. In this growth medium,
the strain grew to high cell numbers (1  109 CFU/ml) at
both temperatures. Thus, autolysis is not triggered in milk
by elevated growth temperatures (not shown).
The TP-J34 genome suffers a site-specific deletion upon
lytic propagation and relysogenization
Since prophage-cured derivatives of strain J34 were sen-
sitive to phage TP-J34 giving rise to a low number of turbid
plaques, the prophage-cured strain J34-2 was challenged
with a TP-J34 lysate. Upon three serial passages, a clear
lysate (consistently forming clear plaques) was obtained and
designated TP-J34L (titer: 1  108 PFU/ml). Restriction
analysis of the corresponding TP-J34L DNA revealed a
site-specific deletion event in the phage genome, where
three BstEII fragments of identical sizes (i.e., BstEII-d1–3,
size of 0.9 kb each) were clustered in the central region of
the HindIII-d (4.4 kb) fragment (Fig. 2). Fig. 10 illustrates
the absence of the BstEII-d1–3 triplet band and of the cor-
responding HindIII-d fragment in the TP-J34L DNA. Comi-
gration of the shortened HindIII-d fragment with the Hin-
dIII-k (1.7 kb) fragment of the TP-J34 genome indicated a
2.7-kb site-specific deletion event. DNA was removed from
the TP-J34 antireceptor gene as noted for the TP-J34 proph-
ages from relysogenized strains (H. Neve and K.J. Heller,
unpublished data).
Fig. 6. SDS–PAGE of structural proteins from phage TP-J34 (lane 1).
M: SDS-7 molecular weight standard (Sigma).
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Discussion
Phage TP-J34 differs from those phages which have been
characterized at the molecular level. Its genome size of 45.6
kb is the largest found so far, although its clear plaque-
forming variant TP-J34L (42.9 kb) has a genome size sim-
ilar to the S. thermophilus pac-type phage O1205 (Stanley et
al., 1997).
The different hybridization patterns of the TP-J34 DNA
obtained with the DNA probes of three virulent phages
reflect the general modular genome organization of pac- and
cos-type S. thermophilus phages (Desiere et al., 2002). The
DNA of the pac-type virulent phage P6 strongly hybridized
to the right half of the TP-J34 genome covering the struc-
tural genes. The close serological relationship of phage
TP-J34 to the pac-type phage subgroup has been docu-
mented in this article directly by immunoelectron micros-
copy. Two serotypes have also been defined for S. ther-
mophilus phages derived from yogurt and cheese samples
(Bru¨ssow et al., 1994).
All phage DNA probes shared homology with the
EcoRI-c fragment of the TP-J34 genome, which includes
the TP-J34 lysogeny module (Neve et al., 1998). Multiple
comparative analyses of six phages have shown the pres-
ence of different lysogeny replacement modules in the vir-
ulent streptococcal phages Sfi11, Sfi19, Sfi18, and DT1,
respectively (Lucchini et al., 1999). Site-specific events
within the lysogeny module are responsible for the appear-
ance of new lytic S. thermophilus phages from a temperate
anchestor (Bruttin and Bru¨ssow, 1996; Lucchini et al.,
1999). Our phage-curing experiment indicated that nonin-
ducible strain derivatives can easily be obtained as shown
for strain J34-12. Such mutants with blocked prophage
induction mechanism are required to yield stable bacterial
populations (Desiere et al., 2002).
A surprisingly high amount of free nonintegrated TP-J34
phage DNA was shown in the lysogenic strain J34. Free
excised phage DNA has also been detected in the lysogenic
S. thermophilus strains Sfi21 (Bru¨ssow and Bruttin, 1995)
and CNRZ1205 (Stanley et al., 1999) and in strains lysog-
enized with the corresponding phages Sfi21 and O1205,
respectively. Unintegrated DNA of the cos-type phage Sfi21
was unligated. It was speculated that only a minor subpopu-
lation of the lysogenic strain CNRZ1205 and its relysog-
Fig. 7. Immunoelectron microscopy of phage TP-J34 and virulent phages P53 and P6 treated with polyclonal antisera specific for phage P53 (A) and
TP-J34 (B).
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enized derivative contained spontaneously excised free
phage. Since we detected free TP-J34 DNA in all six single
colony isolates, we conclude that virtually all J34 cells
contain free-phage DNA, irrespective of the growth tem-
perature or the physiological state of the cultures (i.e., cells
in the logarithmic or in the stationary phase). Nonintegrated
phage DNA was absent in the noninducible strain J34-12.
The molecular events leading to the inability of the TP-J34
prophage to excise from the chromosome of this derivative
have not been clarified so far.
By our prophage-curing and relysogenization experi-
ments we were able to demonstrate that phage TP-J34
confers a lysogenic conversion phenotype to its host J34. In
particular, the autolytic response to elevated growth tem-
peratures was remarkable. The autolytic phenotype of some
S. thermophilus strains has been reported by Sandholm and
Sarimo (1981) and has been correlated with lysogeny re-
cently (Husson-Kao et al., 2000). The latter authors have
shown that autolysis is triggered by unfavorable environ-
mental conditions and concluded that this phenotype was
caused by an incomplete prophage repression, i.e., leaky
expression of the lysis gene cassette. It was hypothesized
that phage lysis gene products are present in all autolytic
cells. The authors assume that the phage-derived holin stays
in a dormant state in the cell membrane and becomes acti-
vated upon an autolysis-triggering environmental impulse.
We show in our study that the noninducible lysogenic de-
rivative J34-12 did not reveal the autolytic phenotype. The
finding, that free, nonintegrated phage DNA was absent in
this strain strongly would support the hypothesis that the
phage lysis genes are only active in the excised phage DNA
molecules but not in the prophage. However, it has not been
resolved why relysogenized strains containing free-phage
DNA did not autolyse. Phenotypic differences have been
noted for the lysogenic wild-type strain CNRZ1205 and its
derivative relysogenized with phage O1205 with respect to
Fig. 8. Illustration of lysogenic conversion mediated by phage TP-J34 by scanning electron microscopy of the lysogenic strain J34 (A) and of the
prophage-cured isolate J34-6 (B).
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phage resistance and growth phenotype (Stanley et al.,
1999). In the CNRZ1205 background, relysogenization did
not restore the original growth behavior, while in our case
prophage-free J34 strains reacquired the original growth
phenotype upon relysogenization.
The reasons 3 of 20 J34 prophage-cured strains kept
growing homogeneously are unclear so far. Apparently,
strains obtained from prophage-curing showed a broader
diversity with respect to growth than expected. The wild-
type-like growth phenotype of the noninducible strain
J34-12 is due to the presence of the prophage.
Lytic growth and furthermore relysogenization experi-
ments indicate that initiation of either a lytic or a new
lysogenic cycle was always accompanied by a large 2.7-kb
site-specific deletion within the putative antireceptor gene
located on the HindIII-d fragment of the TP-J34 genome.
Site-specific deletion events occurring during lytic propa-
gation are known for phages of S. thermophilus and lacto-
cocci. In fact, these deletions were located within topolog-
ically corresponding genome regions of the genomes of the
lactococcal phage BK5-T and of the streptococcal phage
Sfi21 (Boyce et al., 1995; Bruttin and Bru¨ssow, 1996; De-
siere et al., 1998) and were associated with domains encod-
ing collagen-like protein motifs of the putative antireceptor
tail fiber genes. However, deletions of phage Sfi21 genome
(0.858 kb) and BK5-T genome (maximum four 468-bp
tandem repeats) were significantly smaller than found in our
phage background. A large DNA region identical in size to the
TP-J34 specific deletion was removed from the lysogeny mod-
ule of a lytic Sfi21 phage variant (Bru¨ssow and Bruttin, 1995).
Fig. 9. Growth behavior at 40°C (A) and at 45°C (B) in th-M17-medium of the autolytic strain J34 (——) and its derivatives J34-1 (——), J34-2 (—‚—),
J34-3 (—Œ—), J34-4 (—ƒ—), J34-12 (—E—), J34-2RL1 (. . .‚. . .), and J34-4RL1 (. . .ƒ. . .). The graphs show data from one of three experiments.
Fig. 10. Illustration of site-specific deletion of phage TP-J34 genome upon
lytic propagation. Phage TP-J34 DNA (lanes 1, 3) and DNA of the
plaque-forming variant TP-J34L (2, 4) were cut with BstEII (A) and
HindIII (B).
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Effective lytic propagation of phage TP-J34 is ham-
pered by the inability of the phage to completely assem-
ble intact phage particles in an efficient way. This low
number of intact phage particles facilitated the rapid
isolation of prophage-cured derivatives due to the appar-
ently low incidence of lytic phage infection events. TP-
J34 should be regarded as a phage variant with a defect
in its morphogenesis pathway. Since tails without capsids
are not visible by electron microscopy, this defect in
morphogenesis apparently affects the early stage of the
tail assembly. The failure of 95% of phage capsids to
acquire tails is not a common event. Apparently, removal
of a large DNA region from the TP-J34 genome (located
within the putative phage anti-receptor gene) is required
for complete morphogenesis. In phage , assembly of
phage tail particles starts from the tail fiber protein (i.e.,
product of gene J) (Katsura, 1983). Intact TP-J34 phage
particles occasionally revealed the presence of a long tail
fiber. These structures are not found on the surface of the
bacterial host cells, indicating that they do not represent
pili-like cell surface derived structures. It is noteworthy
that this tail fiber structure differs in length and fine
structure from the tail fibers of the virulent cos-type
phage P53 (Neve et al., 1989) and of the temperate
pac-type phage Sfi11 (Lucchini et al., 1998). The likely
tail fiber genes from various well-characterized lytic and
temperate S. thermophilus phages have been compared
(Lucchini et al., 1999). These regions represent hot spots
of recombination as the molecular basis of establishing
host range diversity. This was confirmed by Duplessis
and Moineau (2001) by comparison of the antireceptor
gene (orf18) of the S. thermophilus phage DT1 with the
corresponding gene of six additional S. thermophilus
phages and by generation of chimeric phages with altered
host ranges.
The TP-J34 prophage is maintained in a highly phage-
insensitive strain background, and it can be speculated that
this phage prototype is from an evolutionary point of view
a phage which may have missed ample opportunities for
frequent recombinatorial events during natural phage infec-
tions.
Materials and methods
Bacteria and phages
S. thermophilus strains were routinely grown at 40°C in
modified M17 medium (i.e., th-M17; Krusch et al., 1987).
Induction of phage TP-J34 by UV-light irradiation of the
lysogenic host strain J34 and propagation of virulent phages
were done as described earlier (Neve et al., 1989, 1998).
Induction of phage was also done with mitomycin C added
to early exponential growth phase cultures (0.125 g/ml).
Plaque assays and spot tests with 10-l phage lysates were
done according to Krusch et al. (1987). For testing autolysis,
S. thermophilus strains were incubated at 45°C.
Phage-curing and relysogenization
TP-J34 phage lysates obtained from UV-light induction
experiments were plated on M17 agar plates containing 0.1
g/ml mitomycin C and were incubated overnight. A low
number of surviving colonies was obtained, and their proph-
age-cured status was confirmed by phage induction exper-
iments with mitomycin C and by Southern blot analysis.
Phage TP-J34 lysates were spotted (10 l) on bacterial
lawns of prophage-cured derivatives. After overnight incu-
bation, cells were picked from the center of the turbid lysis
zones. Relysogenization of these cells was confirmed by
mitomycin C induction experiments and Southern blot anal-
ysis.
DNA techniques
Isolation of chromosomal bacterial DNA and phage
DNA were done as described earlier (Neve et al., 1989;
Schleifer et al., 1991). DNA manipulations (restriction en-
zyme digestion, agarose gel electrophoresis, Southern blot
analysis) were done according to Sambrook et al. (1989).
Restriction enzymes (Roche Diagnostics, Mannheim) were
used according to the supplier’s recommendation. The DIG
Chemiluminescent DNA Labeling and Detection Kit was
used for probe DNA labeling and Southern blot analysis on
positively charged Nylon membranes according to the rec-
ommendations of the supplier (Roche Diagnostics). Chro-
mosomal DNA for pulsed field gel electrophoresis was
isolated from 3 to 6 ml of S. thermophilus cells harvested
from the early exponential growth phase and resuspended
by the in situ lysis technique (McClelland et al., 1987). Cells
were mixed with an equal volume of 2% low melting point
agarose (FMC, Rockland, USA) in EET buffer (100 mM
EDTA, 10 mM EGTA, 10 mM Tris–HCl, pH 8.0). Agar
blocks were incubated in 3 ml EET buffer with 0.05%
N-laurylsarcosine, 1 mg/ml lysozyme, and 300 U mutano-
lysin for 5 h at 30°C, followed by an overnight incubation
with 1 mg/ml proteinase K and 1% (w/v) SDS. Agar blocks
were subsequently washed in TE buffer, two times in TE
buffer containing 1 mM phenylmethylsulfonyl fluoride, and
two times in TE buffer (3 h incubation each). Pulsed-field
gel electrophoresis was performed in 0.5 TBE buffer (45
mM Tris–HCl, 45 mM boric acid, 1 mM EDTA, pH 8.0) at
200 V with increasing switch times from 5 to 30 s during
18 h (CHEF-DR II, Bio-Rad, Mu¨nchen).
SDS–PAGE
Preparation of phage lysates for sodium dodecyl sulfate–
polyacrylamide gel electrophoresis was performed as de-
scribed earlier (Neve et al., 1989). Phages were purified two
times by CsCl gradient centrifugation.
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Immunological techniques
Purified phages (Neve et al., 1989) in Freund’s adjuvant
were used for raising phage-specific polyclonal antisera in
rabbits. One boost step was done with incomplete Freund’s
adjuvant (Harlow and Lane, 1988).
Electron microscopy
Negative staining of phages with 2% uranyl acetate and
immunoelectron microscopy with polyclonal antisera was
done as described before (Neve et al., 1989; Lembke et al.,
1981). Preparation of phage DNA for electron microscopic
contour length measurement was done according to Neve et
al. (1989). Electron micrographs were taken in an EM 300
electron microscope (fei-Philips, Eindhoven, The Nether-
lands) at an accelerating voltage of 80 kV. The method used
for scanning electron microscopy has also been published in
detail (Neve and Teuber, 1989).
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